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Wing leading edge structureAbstract Collisions between birds and aircraft are one of the most dangerous threats to flight
safety. In this study, smoothed particles hydrodynamics (SPH) method is used for simulating the
bird strike to an airplane wing leading edge structure. In order to verify the model, first, experiment
of bird strike to a flat aluminum plate is simulated, and then bird impact on an airplane wing lead-
ing edge structure is investigated. After that, considering dimensions of wing internal structural
components like ribs, skin and spar as design variables, we try to minimize structural mass and wing
skin deformation simultaneously. To do this, bird strike simulations to 18 different wing structures
are made based on Taguchi’s L18 factorial design of experiment. Then grey relational analysis is
used to minimize structural mass and wing skin deformation due to the bird strike. The analysis
of variance (ANOVA) is also applied and it is concluded that the most significant parameter for
the performance of wing structure against impact is the skin thickness. Finally, a validation simu-
lation is conducted under the optimal condition to show the improvement of performance of the
wing structure.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Airplanes and birds occupy the same space during flight and
therefore collision between them is inevitable. The damage
caused due to these collisions is usually catastrophic. The bird
strike to airplanes is not a new problem and has occurred since
the early days of aviation history. The first bird strike was
recorded by Wright brothers in 1905. According to the Federal
Aviation Administration (FAA), in the United States alone,
Nomenclature
A Material
B Skin thickness
C Rib thickness
D Rib distance
E Cut out diameter
F Spar location
Cv Intercept of the VsVp curve
Ds;Ps Constants of Cowper-Symonds law
FN Normal force of rivets
FNF Critical normal force of rivets
FS Shear force of rivets
FSF Critical shear force of rivets
GRG Grey relational grade
i Number of each experiment
IE Internal energy density per unit initial volume
k Number of responses
kt Total number of responses
n Total number of experiments
P Pressure
q Number of design parameters
Vp Particle velocity
Vs Shock velocity
x0i ðkÞ Response values
x0ðkÞ Reference normalized response value
xi ðkÞ Normalized response values
yi Response value of the ith experiment
a; b Tie break contact constants
ce Estimated grey relational grade
ci Grey relational grade for ith experiment
cm Total average grey relational grade
c0 Gruneisen gamma
Dmax Largest value of D0iðkÞ
Dmin Smallest value of D0iðkÞ
D0iðkÞ Deviation between normalized response and refer-
ence values
_e Equivalent strain rate
f Distinguishing coefficient
l q/q0  1
q Density
q0 Initial density
niðkÞ Grey relational coefficient
rn Dynamic yield stress
ry Yield stress
Fig. 1 Airplane components struck and damaged by bird
worldwide (1999–2008).
Mass and performance optimization of an airplane wing leading edge 935more than 138000 incidents of bird strikes were reported
between 1990 and 2013.1 The average annual cost of these
strikes in the U.S. is at least $187 million. However, this
annual cost can be estimated up to $937 million when unre-
ported strikes are considered. Globally, bird and other wildlife
strikes killed more than 255 people and destroyed over 243 air-
crafts from 1988 to 2013. The number of bird strikes increases
every year because of increase in air traffic, bird population
and using fewer but more powerful engines per plane.
Therefore, the international certification regulations like
Federal Aviation Regulations (FAR) require that all forward
facing airplane components need to prove a certain level of
bird strike tolerance before they are allowed for operational
use. The acceptance of certification by experimental test is very
expensive and time consuming. In addition, achieving a low-
weight, bird-proof design requires several experimental tests.
Consequently, in order to shorten the design time and reduce
cost, numerical simulations are often used and are more pop-
ular among researchers. In this research, LS-DYNA code has
been used to simulate bird strike to the wing leading edge
structure.
All forward facing airplane components like engine inlet
and fan blades, wing and empennage leading edge, windshield,
window frame and radome are subject to bird strike (Fig. 1).
As can be seen in Fig. 1, the most commonly damaged airplane
components are engines and wing leading edges. About 31%
of all damaging bird strikes involve the wing.2 Consequently,
many researchers have investigated bird strike to the airplane
wing.3–7
Various numerical techniques like Lagrangian approach,
arbitrary Lagrangian Eulerian (ALE) method and smoothed
particle hydrodynamics (SPH) method are often used to model
the bird strike phenomena. In Lagrangian approach, the
numerical mesh is attached to material points and thereforeany material deflection can distort numerical mesh. The major
disadvantage of Lagrangian approach is the possibility of inac-
curate results in analyzing large deflection problems. ALE
technique combines Lagrangian and Eulerian approaches to
get better results. In this approach, the numerical mesh does
not follow material points exactly. Simulating bird strike by
ALE approach is more complicated to perform than the other
two methods. The SPH method is the most recent and the most
efficient method to analyze bird strike problem because of its
high accuracy and high solution speed. The SPH method is a
meshless Lagrangian method in which the elements are a set
of discrete and mutually interacting nodes. Due to the absence
of a mesh connecting individual particles, the SPH method is
perfectly suitable for solving problems involving large
deformation.
Many studies and investigations have been conducted in the
past in order to design the aircraft components which can resist
in bird strike events. Barber et al.8 were the first researchers that
936 H. Pahange, M.H. Abolbashariinvestigated the experimental behavior of a bird under impact.
They conducted a series of bird strike tests on a rigid plate and
concluded that the maximum pressure generated at the center
of target plate due to bird impact is independent of bird size
and is proportional to the square of the impact velocity. On
the other hand, many researchers investigated different numer-
ical approaches to simulate bird strike phenomenon. Neiring9
used Lagrangian approach to simulate bird strike on engine
fan blades. He stated that this method needs to be improved
in order to model bird strike accurately. Due to Lagrangian
method’s disadvantages in modeling bird strike, some research-
ers used alternative approaches like ALE and SPH. Langrand
et al.10 modeled the bird strike against rigid target using both
Lagrangian and ALE formulations and compared these
approaches. They concluded that both approaches can well
predict the experimental pressures, but Lagrangian method
needs more time to solve due to decreasing time step. In recent
years, a global trend is visible that the SPH approach is pre-
ferred compared to the Lagrangian and ALE modeling
approaches. Ubels,11 McCarthy,12 Kavitha,13 Zakir14 et al.,
and many others used the SPH method to investigate the bird
strike on an aircraft wing leading edge structure. They showed
that the SPH method can well predict the splashing of the bird
during the strike. Liu et al.15 conducted experiments of bird
strike to the sidewall structure of an aircraft nose. They also
developed a numerical model using the SPH method to simu-
late bird strike process and compared dynamic response of
structure in numerical model with experimental results. They
showed that the SPH method can accurately predict behavior
of the bird at high speed impact. Vignjevic et al.16 simulated
the bird strikes on engine blades with the SPH method. They
performed a number of parametric studies on the bird shape,
bird impact location along the length of the blade and impact
timing and also compared their results with final deformed
shape of the blade recovered from the bird strike test.
A large number of papers have been published on bird
strike studies until now, but in the present work, a multi-
objective optimization problem is presented. This paper inves-
tigates the numerical modeling of bird strike on an aircraft
wing leading edge structure and tries to minimize simultane-
ously structural mass and wing skin deformation. The SPH
method is employed to simulate the bird. The modeling proce-
dure is validated first through comparison with an existing test
data of a simple experiment. The influence of dimensions of
wing internal structural components on the wing’s damage
after the collision with a bird is also studied. In this way, a
low-weight leading edge structure to resist bird strike incidents
is sought.Fig. 2 Locations of sensors on target plate.18
Table 1 Exact position of sensors on target plate.18
Sensor name Sensor type x (mm) y (mm)
D1 Displacement 50 0
D2 Displacement 150 0
S1 Strain 0 140
S2 Strain 0 70
S3 Strain 0 02. Validation of numerical bird strike modeling
Since the experimental bird strike tests are expensive, time con-
suming and difficult to perform, explicit numerical simulations
are often used in order to perform bird strike analysis. Numer-
ical model must be validated with published experimental
results before it is used for impact simulation on complex air-
craft components. Many researchers have compared their bird
strike simulation results with the experimental results of bird
impact on a rigid flat plate obtained by Wilbeck.17 Although
Wilbeck’s results are a reliable source of experimental data,
but in recent years, some researchers have performed new birdstrike experiments and published more accurate data. One of
these researchers was Liu et al.18 They carried out numerous
bird impact tests against a flat deformable plate. In order to
validate our numerical approach, we use their results, too.
2.1. Liu experiment
Liu et al.18 conducted a series of bird strike experiments on a
flat metallic plate with different striking velocities and mea-
sured the dynamic responses of plate. They used killed domes-
tic chicken having a mass of 1.8 kg and velocity of 70, 120 and
170 m/s as the projectile. They used two types of common
aerospace materials for the target plate. The aluminum alloy
(AlCu4Mg1) plates have the thickness of 10 mm and 14 mm
and the steel (C45E4) plates have the thickness of 4.5 mm
and 8 mm. All of those square plates have dimension of
600 mm  600 mm and all edges are clamped to a fixture. They
used laser displacement sensors and strain gauges at different
locations on the target plate in order to record the displace-
ments and strains during the test. Fig. 2 and Table 1 determine
locations of these sensors on the target plate (i.e., S1, S2, S3,
D1, and D2).
In this study, we use the results of experiment number 25 of
Liu18 to validate our numerical model. In that experiment, the
actual impact velocity was 116 m/s and the target was an alu-
minum plate with the thickness of 10 mm.
2.2. Bird model specifications
In this study, the SPH method is employed to simulate the bird
behavior. A real bird body has a complex geometry and it is
very demanding to model the bird with a shape exactly the
same as the real one. Accordingly, many researchers who
investigated appropriate substitute bird geometries have sug-
gested a cylinder with two hemispherical ends and a length
Table 3 Specifications of target model.
Target model property Value
Boundary condition Clamped
Side length (m) 0.6
Thickness (m) 0.01
Material model Plastic kinematic
Density (kg/m3) 2923
Yield stress (MPa) 345
Failure strain 0.18
Elastic modulus (GPa) 71
Tangent modulus (MPa) 460
Poisson’s ratio 0.3
Constant Ds of Cowper–Symonds law (s
1) 128000
Constant Ps of Cowper–Symonds law 4
Mass and performance optimization of an airplane wing leading edge 937to diameter ratio of 2 as a proper shape.16,19–21 Therefore, in
this study, a hemispherical ended cylinder with length to diam-
eter ratio of 2 as bird geometry is employed. Thus by knowing
the mass and density of bird, its diameter and length can be
computed.
When a relatively weak projectile, such as a bird, impacts a
much stiffer target at high velocity, the projectile material
behaves as a hydrodynamic material for which an equation
of state (EOS) relating the thermodynamic properties of pres-
sure and density should be adopted.21 In this study, the Gru-
neisen EOS is employed because this kind of equation of
state can best predict the behavior of bird in bird strike
impacts.22 Gruneisen EOS with cubic shock velocity determi-
nes pressure for compressed materials as23
P ¼
q0C
2
vl 1þ

1 c0
2

l a
2
l2
h i
1 ðC1  1Þl C2 l
2
lþ 1 C3
l3
ðlþ 1Þ2
" #2 þ ðc0 þ alÞIE
ð1Þ
and for expanded material as
P ¼ q0C2vlþ ðc0 þ alÞIE ð2Þ
where Cv is the intercept of the Vs–Vp curve, Vs the shock
velocity, Vp the particle velocity; C1, C2 and C3 are the coeffi-
cients of the slope of the Vs–Vp curve; c0 is the Gruneisen
gamma; IE the internal energy density per unit initial volume;
a the first order volume correction to c0; and l= q/q0  1
where q0 and q are initial and current material density. The
parameters used for Gruneisen EOS are c0 = 0, Cv = 1480,
C1 = 1.92, C2 = C3 = 0 that are the same as Huertas thesis
24
for the sake of comparability.
Table 2 summarizes the general parameters used for the
SPH bird model. In order to study the mesh sensitivity, anal-
yses are carried out with three different mesh densities (coarse,
medium and fine).
2.3. Target model specifications
In this study, the target is a 600 mm  600 mm aluminum plate
with the thickness of 10 mm. Since the thickness of the plate is
much smaller (about 1/60) compared to its other dimensions,Table 2 Specifications of bird model.
Bird model property Value
Geometry Hemispherical-ended
cylinder
Length (m) 0.2262
Diameter (m) 0.1131
Mass (kg) 1.8
Density (kg/m3) 950
Element type SPH
Material model Null
Equation of state Gruneisen
Number of SPH elements for coarse
mesh
2600
Number of SPH elements for medium
mesh
3700
Number of SPH elements for fine mesh 5600the finite element mesh of this plate has been created using
shell elements. An isotropic elastic plastic model has been used
for the target material and also a Cowper–Symonds law has
been included to consider the strain rate sensitivity of the yield
stress:
rn
ry
¼ 1þ _e
Ds
  1
Ps
ð3Þ
where rn is the dynamic yield stress, ry the static yield stress, _e
the equivalent strain rate of the material, and Ds and Ps are
both the constants of Cowper–Symonds law. Table 3 shows
the properties of aluminum target plate and its finite element
model.
2.4. Simulation results
The results of numerical simulation are compared with the
experimental measurements reported by Liu et al.18 The defor-
mations of the bird model and the target plate at different time
instants during impact are shown in Fig. 3.
The simulated displacement and strain profiles vs time at
the locations of sensors on target plate have been compared
to the Liu et al.18 experimental results in Fig. 4.
As shown in Fig. 4, displacement and strain profiles corre-
late well with Liu et al.18 experimental results. Numerical
results obtained for three different mesh densities show that
discrepancy between graphs is decreased with the mesh refine-Fig. 3 Deformation of bird and target plate during impact.
Element type Shell
Number of shell elements for coarse mesh 225
Number of shell elements for medium mesh 400
Number of shell elements for fine mesh 900
938 H. Pahange, M.H. Abolbashariment. The reason for discrepancies may be the simplification of
bird geometry and material as well as the idealization of
boundary conditions and finally the numerical errors. There-
fore, it can be concluded that modeling procedure is reliable
and can be used for simulating the bird strike on wing leading
edge structure.3. Analysis of bird strike on wing leading edge structure
Wing is a significant part of an airplane that generates lift and
enables it to fly. Wing leading edge structure is the front part of
a wing. The leading edge of an aircraft wing not only has aero-Fig. 4 Comparison of numerical and experimental results for ddynamic function, but also should be able to protect the inner
wing components from foreign object damaging. In this study,
the wing has a structural layout consisting of skin, front and
rear spars, 4 spar caps and 19 ribs. Fig. 5 shows these compo-
nents of the wing structure. These structural parts are made of
aluminum alloys and they have been connected to each other
by rivets.
In this study we have assumed that initial bird velocity is
equal to airplane cruise speed (61 m/s), and the bird impact
point is the center of leading edge structure and the impact
direction is along the chord line in Fig. 6. Displacement
boundary condition is applied to the wing root and the wing
strut position.isplacement and strain on target plate at different locations.
Fig. 5 Wing structure components.
Fig. 6 Bird and wing structure model.
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modeled with ‘‘Contact_Automatic_Surface_To_Surface” in
LS-DYNA. ‘‘Contact_Tiebreak_Nodes_To_Surface” is used
to define the rivet behavior. In this type of contact, the failure
criterion for rivets can be stated as
jFNj
FNF
 a
þ jFSj
FSF
 b
P 1 ð4Þ
where a and b are constants, FN and FNF the normal force and
critical normal force of rivets, respectively, and FS and FSF the
shear force and critical shear force in rivets, respectively. The
values of parameters in Eq. (4) to model the rivet failure are
shown in Table 4.25
Since all structural components of wing model are thin,
they are discretized using four-node shell elements. The consti-
tutive model employed for aluminum parts is an isotropic elas-
tic plastic material model with strain rate sensitivity, as used
for the target material in the previous section. A bilinear yield
model with isotropic hardening and the Von Mises yield crite-
rion is used to model aluminum behavior. Fig. 7 shows a typ-
ical bilinear stress–strain curve used in this study.
Also a maximum strain criterion is used to define material
failure, and it means when the equivalent strain in an elementFig. 7 Bilinear stress–strain curve.
Table 4 Rivet failure parameters.25
FNF=N FSF=N a b
1024 840 1.5 2.1reaches the failure strain, that element no longer carries any
load and will be deleted. The material properties for two alu-
minum alloys that are used here are represented in Table 5.26
Designing of an optimum impact resistant wing leading
edge structure is a challenge and requires extensive experimen-
tal testing. The present work aims at numerically predicting the
response of a certain wing leading edge against bird strike,
determining the effect of wing internal components on wing’s
damage and mass, and designing an optimum wing structure
using Taguchi method with grey relational analysis. Taguchi
method can obtain optimum condition with the lowest cost
and minimum number of experiments. Design of experiment
process will be explained in Section 3.1.
3.1. Design of experiments
Taguchi’s design of experiments (DoE) is a statistical tech-
nique which uses an orthogonal array to study the entire para-
metric space with a minimal number of experiments. This work
is conducted with 6 control factors; one of them has 2 levels
and 5 other parameters vary at three levels. The wing’s 6 struc-
tural dimensions (control factors) considered in this study are
wing skin thickness, wing rib thickness, wing rib distance, wing
rib cut out (lightening hole) diameter, main spar location in
chord direction relative to wing leading edge, and component
material. All of these control factors and their levels are
depicted in Table 6.
The levels of each parameter were considered on the basis
of one level above and one level below to the primary design
values, which had been obtained before. It should be noted
that magnitudes shown in Table 6 are standard values.
Considering number of control variables and their levels,
486 runs are needed, but modeling and running of this number
of experiments are time consuming and exhausting, so in order
to overcome this problem, we use Taguchi method. The
degrees of freedom required for this study is 11 and Taguchi’s
L18 (21 35) orthogonal array with 17 degrees of freedom is
used to define the 18 trial conditions. Table 7 shows the exper-
imental plan according to the selected orthogonal array.
The response variables chosen for the present work are
wing structural mass and maximum displacement of wing skinTable 5 Aluminum alloys’ properties.26
Material Yield
stress
(MPa)
Elastic
modulus
(GPa)
Tangent
modulus
(MPa)
Failure
strain
Al 2024 T3 345 71 460 0.18
Al 7075 T6 500 71 910 0.11
Table 6 Control variables and their levels.
Code Control parameters Unit Level 1 Level 2 Level 3
A Material Al 2024 Al 7075
B Skin thickness mm 0.635 0.8128 1.016
C Rib thickness mm 1.016 1.27 1.6
D Rib distance mm 200 250 300
E Cut out diameter mm 50.8 63.5 76.2
F Spar location % 20 25 30
Table 7 Taguchi L18 (21 35) orthogonal array.
Experiment no. Material Skin thickness Rib thickness Rib distance Cut out diameter Spar location
1 1 1 1 1 1 1
2 1 1 2 2 2 2
3 1 1 3 3 3 3
4 1 2 1 1 2 2
5 1 2 2 2 3 3
6 1 2 3 3 1 1
7 1 3 1 2 1 3
8 1 3 2 3 2 1
9 1 3 3 1 3 2
10 2 1 1 3 3 2
11 2 1 2 1 1 3
12 2 1 3 2 2 1
13 2 2 1 2 3 1
14 2 2 2 3 1 2
15 2 2 3 1 2 3
16 2 3 1 3 2 3
17 2 3 2 1 3 1
18 2 3 3 2 1 2
Table 8 Experiment and S/N results.
Experiment
no.
Displacement Mass
Result
(mm)
S/N (dB) Results
(kg)
S/N (dB)
1 127.3 42.0966 45.812 33.2196
2 130.6 42.3189 45.478 33.1560
3 123.2 41.8122 45.3855 33.1382
4 117.1 41.3711 51.452 34.2280
5 104 40.3407 51.015 34.1540
6 114.8 41.1988 52.303 34.3705
7 68.13 36.6668 57.013 35.1195
8 71.64 37.1031 56.952 35.1102
9 62.37 35.8995 62.565 35.9266
10 135.8 42.6580 40.625 32.1759
11 115.4 41.2441 46.203 33.2934
12 126.9 42.0692 45.882 33.2328
13 108.6 40.7166 47.472 33.5288
14 102.4 40.2060 48.406 33.6980
15 87.09 38.7994 54.217 34.6827
16 49.94 33.9690 53.343 34.5415
17 46.26 33.3041 57.582 35.2057
18 49.2 33.8393 58.788 35.3858
Table 9 Mean S/N for mass.
Parameter Mean S/N (dB) Max–min
Level 1 Level 2 Level 3
Material 34.27 33.97 0.30
Skin thickness 33.04 34.11 35.21 2.18
Rib thickness 33.80 34.10 34.46 0.65
Rib distance 34.43 34.10 33.84 0.59
Cut out diameter 34.18 34.16 34.02 0.16
Spar location 34.11 34.10 34.15 0.06
940 H. Pahange, M.H. Abolbashariafter the impact. These factors are highly significant and play
an important role in the performance of a wing structure.
3.2. Signal-to-noise ratio (S/N) analysis
In the Taguchi method, a statistical parameter (the ratio of the
mean to the standard deviation) called signal-to-noise ratio (S/
N) is used to represent a performance characteristic. A larger
S/N corresponds to a better quality. Since lower mass and skin
displacement are desirable characteristics, in this study, the
smaller-the-better quality characteristic has been used for cal-
culating S/N of the responses. S/N can be calculated using the
following equation:
S=N ¼ 10 lg 1
n
Xn
i¼1
y2i
 !" #
ð5Þ
where n is total number of experiments, i the No. of each
experiment, and yi the response value of the ith experiment.
Results of all 18 experiments and corresponding S/N are
shown in Table 8.
The average of S/N for each level of a control variable is
called the mean S/N and the maximum mean S/N of each
parameter shows the optimal level of that parameter. Table 9
and Fig. 8 show the mean S/N for wing structural mass. The
last column of Table 9 shows that skin thickness and spar loca-
tion have the most and the least effect on the wing’s mass,
respectively.
As can be seen in Fig. 8, the best combination of structural
dimensions for minimizing the wing mass is A2B1C1D3E3F2,
namely, material of Al 7075, skin thickness of 0.6350 mm, rib
thickness of 1.016 mm, rib distance of 300 mm, cut out diam-
eter of 76.2 mm, and spar location of 25%.
Table 10 and Fig. 9 show the mean S/N for maximum skin
displacement.
The last column of Table 10 shows that skin thickness and
cut out diameter have the most and the least effect on the max-
imum displacement, respectively. As can be seen in Fig. 9, the
best combination of structural dimensions for minimizing the
maximum displacement is A2B3C3D1E3F3, namely, materialof Al 7075, skin thickness of 1.0160 mm, rib thickness of
1.600 mm, rib distance of 200 mm, cut out diameter of
76.2 mm, and spar location of 30%.
Fig. 8 Mass S/N graphs.
Table 10 Mean S/N for maximum displacement.
Parameter Mean S/N (dB) Max–min
Level 1 Level 2 Level 3
Material 39.87 38.53 1.34
Skin thickness 42.03 40.44 35.13 6.90
Rib thickness 39.58 39.09 38.94 0.64
Rib distance 38.79 39.33 39.49 0.71
Cut out diameter 39.21 39.27 39.12 0.15
Spar location 39.41 39.38 38.81 0.61
Fig. 9 Displaceme
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This study aims at minimizing the structural mass and wing
skin deformation simultaneously. Although the Taguchi
method cannot solve multi-objective optimization problem,
this kind of problem can be converted into a single response
one with grey relational analysis (GRA).
In GRA, experimental data are first normalized and trans-
ferred in the range from zero to one, afterward the grey rela-
tional coefficients are calculated, and then grey relational
grades (GRG) are calculated by averaging the grey relational
coefficients for the respective responses. So the multi response
optimization problem is converted to a mono response prob-
lem. These steps are given as follows.nt S/N graphs.
Table 12 Grey relational coefficients and grades.
Experiment no. Displacement Mass Grade
1 0.3559 0.6790 0.5174
2 0.3468 0.6933 0.5200
3 0.3678 0.6974 0.5326
4 0.3873 0.5033 0.4453
5 0.4367 0.5136 0.4752
6 0.3951 0.4844 0.4397
7 0.6718 0.4010 0.5364
8 0.6382 0.4019 0.5200
942 H. Pahange, M.H. Abolbashari3.3.1. Grey relational generation
In this paper, minimizations of both structural mass and max-
imum displacement are desirable. Therefore, the experimental
data should be normalized as follows27:
xi ðkÞ ¼
maxðx0i ðkÞÞ  x0i ðkÞ
maxðx0i ðkÞÞ minðx0i ðkÞÞ
ð6Þ
where xi ðkÞ are the normalized values, x0i ðkÞ are the response
values, maxðx0i ðkÞÞ and minðx0i ðkÞÞ are the largest and smallest
values of x0i ðkÞ for the kth response, i= 1–18 is the No. of
experiments, and k= 1, 2 is the number of responses.
The normalized values of structural mass and maximum
displacement are shown in Table 11. As can be seen, the nor-
malized values range between zero and one.
3.3.2. Grey relational coefficient and grey relational grade
Grey relational coefficients denote the relationship between the
ideal and actual experimental results. Grey relational coeffi-
cient can be calculated as27
niðkÞ ¼
Dmin þ fDmax
D0iðkÞ þ fDmax ð7Þ
and
D0iðkÞ ¼ jjx0ðkÞ  xi ðkÞjj ð8Þ
Dmin ¼ min8k jjx

0ðkÞ  xj ðkÞjjmin8j2i ð9Þ
Dmax ¼ max8k jjx

0ðkÞ  xj ðkÞjjmax8j2i ð10Þ
where D0iðkÞ is the deviation sequence of reference sequence
x0ðkÞ and comparability sequence xi ðkÞ, Dmin the smallest
value of the difference between x0ðkÞ and xi ðkÞ, Dmax the lar-
gest value of the difference between x0ðkÞ and xi ðkÞ, and f
the distinguishing coefficient in the range between zero and
one. In this study, f ¼ 0:5 is chosen.27
Grey relational grade is the mean of grey relational coeffi-
cients corresponding to each response and can be calculated
using Eq. (11)Table 11 Normalized experimental results.
Experiment no. Displacement Mass
1 0.0949 0.7636
2 0.0581 0.7788
3 0.1407 0.7830
4 0.2088 0.5065
5 0.3551 0.5264
6 0.2345 0.4677
7 0.7558 0.2531
8 0.7166 0.2558
9 0.8201 0
10 0 1
11 0.2278 0.7458
12 0.0994 0.7604
13 0.3038 0.6879
14 0.3730 0.6454
15 0.5440 0.3805
16 0.9589 0.4203
17 1 0.2271
18 0.9672 0.1722ci ¼
1
kt
Xkt
k¼1
niðkÞ ð11Þ
where ci is the grey relational grade for the ith experiment and
kt the total number of responses (in this study, kt is 2). The
grey relational coefficients and grey relational grades are calcu-
lated by Eqs. (7) and (11), respectively and presented in
Table 12.
The higher the grey relational grade is, the better the mul-
tiple performance characteristics are. Therefore, the higher
grey relational grade indicates that the corresponding struc-
tural dimension combination is closer to the optimal point.
Table 13 shows the mean of the grey relational grade for each
level of the parameters and the values are represented graphi-
cally in Fig. 10.
From the grey relational grade graph, the best combination
of structural dimensions for minimizing the maximum dis-
placement and structural mass simultaneously is
A2B3C1D3E3F2, i.e., material of Al 7075, skin thickness of
1.016 mm, rib thickness of 1.016 mm, rib distance of
300 mm, cut out diameter of 76.2 mm, and spar location of
25%.
3.3.3. Analysis of variance (ANOVA) for grey relational grade
ANOVA is a statistical technique for analyzing the effect of
design variables on a response. ANOVA was carried out on
the grey relational grade values and the results are presented
in Table 14.9 0.7354 0.3333 0.5344
10 0.3333 1 0.6667
11 0.3930 0.6629 0.5280
12 0.3570 0.6760 0.5165
13 0.4180 0.6157 0.5168
14 0.4437 0.5850 0.5143
15 0.5230 0.4466 0.4848
16 0.9240 0.4631 0.6936
17 1 0.3928 0.6964
18 0.9384 0.3765 0.6575
Table 13 Response table for grey relational grade.
Parameter Grey relational grade Max–min
Level 1 Level 2 Level 3
Material 0.5023 0.5861 0.0838
Skin thickness 0.5470 0.4793 0.6064 0.1271
Rib thickness 0.5627 0.5423 0.5275 0.0352
Rib distance 0.5345 0.5370 0.5611 0.0265
Cut out diameter 0.5322 0.5300 0.5704 0.0403
Spar location 0.5345 0.5564 0.5417 0.0219
Fig. 10 Grey relational grade graph.
Table 14 ANOVA for grey relational grade.
Factors Degree of freedom Sum of squares Adjusted mean squares F value Percentage of contribution
Material 1 0.031592 0.031592 14.51 29.47
Skin thickness 2 0.048556 0.024278 11.15 45.30
Rib thickness 2 0.003739 0.001869 0.86 3.49
Rib distance 2 0.002577 0.001288 0.59 2.40
Cut out diameter 2 0.006174 0.003087 1.42 5.76
Spar location 2 0.001493 0.000746 0.34 1.39
Residual error 6 0.013063 0.002177
Total 17 0.107193
Mass and performance optimization of an airplane wing leading edge 943The percentage contribution of each parameter is shown in
the last column of Table 14. The results of the ANOVA indi-
cate that material, skin thickness, rib thickness, rib distance,
cut out diameter, and spar location influenced the grey rela-
tional grade values with 29.47%, 45.30%, 3.49%, 2.40%,
5.76%, and 1.39%, respectively. Therefore, skin thickness
and material are the two parameters significantly affecting
the grey relational grade values and the spar location has no
significant effect on the grey relational grade values.Table 15 Results of confirmation experiment.
Parameter Initial structural dimensions
Level A1B2C2D2E2F2
Mass (kg) 51.5063
Displacement (mm) 109.1
Grey relational grade 0.459
The improvement in grey relational grade = 0.231.
The percentage improvement in grey relational grade = 50.3%.3.3.4. Confirmation test
In the final step of Taguchi based GRA, once the optimum
levels of the structural dimensions were selected, a confirma-
tion test at the optimal levels was conducted to confirm and
validate optimization results and also determine the improve-
ment of responses. The grey relational grade at the optimal
level of the design parameters can be estimated as28
ce ¼ cm þ
Xq
i¼1
ðci  cmÞ ð12ÞOptimal structural dimensions
Prediction Experiment
A2B3C1D3E3F2 A2B3C1D3E3F2
53.044
50.64
0.722013 0.68995
Error = PredictionExperimentExperiment  100% ¼ 4:65%
944 H. Pahange, M.H. Abolbashariwhere ce is the estimated grey relational grade, cm the total
average grey relational grade, ci the average grey relational
grade at the optimal level, and q the number of design param-
eters. Here q is equal to 6.
The estimated grey relational grade and experimental value
which are obtained from the simulation at optimum point are
indicated in Table 15.
Table 15 determines that there is a good agreement between
the predicted and experimental results. It also shows that the
grey relational grade at the optimal parameter combination
has improved 50.3% compared to that at the initial parameter
combination.
4. Conclusions
In this study, first, the experiment of bird strike to a flat alu-
minum plate has been simulated and the results have been ver-
ified by comparing with the experimental results. Then, the
bird impact on an airplane wing leading edge structure is inves-
tigated. By considering dimensions of wing internal structural
components, namely, skin thickness, rib thickness, rib dis-
tance, cut out diameter, spar location, and material, as design
variables, the structural mass and wing skin deformation are
simultaneously minimized using Taguchi based grey relational
analysis. The following conclusions can be drawn from the
present study:
(1) The bird strike simulation results agree well with exper-
imental data and the model can be reliably employed for
optimizing the structure.
(2) The signal-to-noise ratio analysis results give the opti-
mal values for minimizing the wing mass and skin dis-
placement when a single objective optimization is
conducted.
(3) Multi-objective optimization results obtained using grey
relational analysis give the recommended levels of struc-
tural dimensions when both the wing mass and the max-
imum skin displacement are simultaneously considered.
(4) Based on the analysis of variance for the grey relational
grades, the skin thickness with the contribution of
45.3% is the most significant design variable on wing
mass and maximum skin displacement.
(5) The grey relational grade from initial to optimal param-
eter combination has improved by 50.3%, which shows
the improvement of performance of wing structure.References
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